R6sum6. -Nous discutons dans cet article les proprietes physiques des composks mixtes NiSz-zSex B structure pyrite. Ce systeme prksente une transition isolant-metal pour x -0,45 ; cette transition est interpretee dans un scheme de Mott-Hubbard. D'apres nos resultats experimentaux (susceptibilite magnktique, R. M. N. sur We, effet Mossbauer sur 61Ni et experience de diffraction de neutrons), nous montrons qu'une phase antiferromagnetique metallique (A. F. M.) existe dans ce systeme dans la gamme 0,45 G X G 1. Les proprietes magnktiques particulikes de la phase A. F. M. sont discutkes B l'aide d'un modele d'environnement local dkterminant l'etat magnetique des atomes de nickel.
Abstract. - We discuss the physical properties of mixed compounds N~S Z -~S~~. In this system for X -0.45 an insu6tor-metal transition occurs which is interpreted in the sense of the model of Mott and Hubbard. Our experimental results (susceptibility, N. M. R. with 77Se, Mossbauer spectroscopy with 61Ni and neutron diffraction) demonstrate the existence of an antiferromagnetic metallic phase (AFM) in the range of concentrations 0.45 G X 1. The magnetic properties of the AFM phase are discussed in terms of a model which implies a strong influence of the local environment on the magnetic state of nickel atoms.
1. Introduction. -Nickel disulphide and nickel diselenide both crystallize in the pyrite structure and the intermediate compounds NiS2-,Sex can be obtained in the whole range 0 < x < 2 by the usual chemical synthesis which yields insulating nickel disulphide. NiS, has been studied extensively in the last few years [l to 71 since its physical properties are in agreement with the predictions of the 91 for correlation effects in a narrow half-filled band : (a) NIS, is an insulator [l, 21, an insulator-metal transition occurs at high pressure (P, --30 kbar) [3] , and (c) antiferromagnetic ordering was found below 45 K [4] .
In a one-electron model the nickel dichalcogenides (NiS,, NiSe, and NiTe,) are characterized by a halffilled conduction band built mainly from Ni 3d-orbitals of T,, (e,) symmetry and chalcogen sp3-orbitals. The importance of correlation effects is determined by the ratio W/U where W is the band width and U the correlation energy. If W/U 4 1 the conduction band is split, and an insulating state is obtained. This appears to be the case in NiS, where the hybridization between Ni-e, states and S-sp3 states presumably is small. Thus the r,, band is narrow and has mostly d-character.
In.NiSe,, on the other hand, stronger e,-sp3 mixing leads to a wider r,, band and thus to a considerable reduction of correlation effects (W/U > 1) such that NiSe, is a paramagnetic metal as expected in the framework of a one-electron picture.
In the mixed compounds NiS,-,Sex an insulatormetal transition occurs as Se is substituted for S 13, 101. The changes of the physical properties associated with the transition, as well as the concentration dependence of these properties in the insulating and in the metallic phase were the subject of our study, a brief summary of which is given in the present paper. A detailed report will be presented elsewhere [l l] .
Firstly the changes of the electrical resistivity induced by substitution of Se for S in NiSz are reviewed and Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1976404
compared to the changes observed when another metal such as copper is substituted for nickel in NiS, or when nickel vacancies are introduced by high-pressure synthesis [5] . In the second chapter we discuss the magnetic properties of NiS,-,Sex in the metallic phase (3.1) and in the insulating phase (3.2) . The existence of an antiferromagnetic metallic phase for 0.45 6 x d 1 is demonstrated. In this phase influences of local environment appear to determine the magnetic state of nickel atoms.
2.
Insulator-metal transition. -In their study of mixed compounds NiS,-,Sex Wilson and Pitt [3] have shown that the pressure-induced insulator-metal transition is observed at room temperature for x = 0.4, but not for x = 0.8. For x < 0.4, the critical pressure P, for this transition decreases with increasing Se content ( in particular the concentration dependence of P,, are consistent with the view that the broadening of the T,,-band associated with increasing Se content leads to the insulator-metal transition in these compounds.
There is a superficial similarity to the changes observed when copper is substituted for nickel in mixed compounds Nil-,Cu,S, [7] , or when nickel vacancies are introduced in compounds Ni, -,S, . , [6, 7] (we also use the notation NiS,, with x > 1.9, as in ref. [7] ), in that in both cases an insulator-metal transition is observed. However, in these compounds, the transition occurs at a much lower impurity concentration (for vacancies : at 6 -0.04, for Cu : at 6 --0.03, compared to X,,,, -0.45 which corresponds to a Se-concentration near 0.22). Furthermore, the critical pressure P, is practically unaffected by these impurities on the nickel sublattice ( Figure 2 shows the case of vacancies, the results for Ni, -,Cu,S, are quite similar [7] ), and the resistivity in the metallic state is much
In these last mentioned cases, the transition has to be ascribed to a different mechanism, namely the changed filling of the rI2-band which should lead to a rapid transition to a metallic state. Influences of local impurity potentials may lead to the differences between the phenomena observed in these compounds and those found in NiS,-,Sex.
In all cases, a sudden decrease of the lattice parameter is observed at the insulator-metal transition, irrespective of its occurrence due to a change of concentration [6] or due to pressure [12] . reported in ref. [14] ). The combined results of Mossbauer spectroscopy and neutron diffraction show that the spin arrangement is noncollinear and of the same type as in antiferromagnetic NiS, 171. From susceptibility and specific heat measurements we deduce a large value for the density of states at the Fermi surface : n(+) = 10 states/(eV. spin). This result substantiates the proposition of a narrow conduction band of d-character.
Magnetic properties of
The Mossbauer spectra give us evidence for the existence of some magnetic inhomogeneity in the AFM phase : They can not be fitted if we assume a unique value of the magnetic hyperfine field at all nickel sites, nor if we allow for a distribution of fields centered about one average value. Good fits are obtained if we assume two inequivalent nickel sites distinguished by different hyperfine fields. For brevity we will denote the sites of larger hyperfine fields as P-sites (and the low-field sites as a-sites). As shown in figure 4 ing supertransferred hyperfine fields. If we thus assume that only nickel atoms on p-sites carry a magnetic moment, we derive from the average moments >(X) determined by neutron diffraction a constant value p,i,p = ;(x)/cb(x) E 1.2 p, (Fig. 5) , equal to the nickel moment in NiS,. This model of local environment effects is analogous to that of Jaccarino and Walker [l51 for the appearance of a local moment on iron impurities in transition metal alloys.
3.2 THE INSULATING PHASE. -The magnetic structures occuring in the insulating phase of NiS2-,Sex (0 d x < 0.45) were investigated by Mossbauer spectroscopy and by neutron diffraction. As in the AFM phase, two inequivalent nickel sites were seen in the Mossbauer spectra. Between NiS, and NiS,.sSeo.2 only minor changes of the transition temperatures and of the hyperfine interactions at 61Ni nuclei were found. For higher Se-concentrations the NCel temperature rises rapidly with X. From the data obtained so far it appears possible that the curves TN(x) for the metallic and for the semiconducting phases may join smoothly at the phase boundary.
The transition from antiferromagnetic to weakly ferromagnetic ordering which for x 0.2 leads to a pronounced increase of the magnetic hyperfine field H,, [7] is hardly detectable in the temperature dependence of H,, for NiS, .7Seo.3. At this concentration the transition temperature seems to be considerably lower (16 $. 3 K) than in NiS, (31 K). mined by neutron diffraction. In this sample the effective quadrupole coupling constant v ? = $ e 2 qQ.(3 cos2 0 -1) also varies continuously with temperature (6 is the angle between the symmetry axis and the direction of H,,). These results can be reconciled by the assumption of a continuous rotation with temperature of the nickel moments with respect to the symmetry axis in conjunction with anisotropic hyperfine fields. Similar results were obtained for x = 0.45. Thus, the magnetic behaviour in this range of Se concentrations differs considerably from that of compounds with x ,S 0.2. The situation at intermediate concentrations is not yet understood completely.
,For X = 0.5, the insulator-metal transition was determined by resistivity measurements to occur in the temperature range 35 to 65 K, however, no significant changes of the hyperfine interactions at 61Ni nuclei concurrent with this transition were observed. Our data support the interpretation of the insulatormetal transition occurring in the system NiS,-,Sex as a Mott-Hubbard transition associated with increasing band width.
The phenomena observed in the AFM phase can be rationalized by a model of local environment effects on the magnetic state of nickel atoms.
